Abstract-This paper reports on tunable 2-and 3-pole bandpass filters with a wide frequency tuning range (tuning ratio >3) and a constant bandwidth using switchable varactor-tuned resonators. The wide center frequency tuning range is obtained using p-i-n diodes to switch in and out quarter-wavelength (λ/4) or half-wavelength (λ/2) resonators for low-band or high-band modes, without increasing the tuning capacitance range of the varactors. A combination of electric and magnetic coupling is utilized to realize a near constant absolute bandwidth across the tuning range. A switchable feed line with a fixed matching capacitance is used to realize the external coupling. Two filters are designed and fabricated on a Duroid substrate with ε r = 2.2 and h = 0.787 mm. For the 2-pole filter, the center frequency is tuned from 550 to 1900 MHz while maintaining a 3-dB bandwidth of 92 ± 6 MHz, insertion loss of 3.2∼4.4 dB, and return loss of better than 15 dB. For the 3-pole filter, the center frequency is tuned from 540 to 1800 MHz while maintaining a 3-dB bandwidth of 89 ± 4 MHz, insertion loss of 4∼5.4 dB, and return loss of better than 12 dB. For both filter types, the third-order intercept point and 1-dB compression point ( P 1 dB ) are 11 and 7 dBm, respectively. The rejection level at 200-MHz offset frequency from the passband center frequency is better than 25 and 41 dB for 2-and 3-pole filters, respectively, across the entire tuning range. To the best of our knowledge, this planar bandpass filter exhibits the widest tuning range with a near-constant bandwidth.
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I. INTRODUCTION
V ARIOUS types of wireless communication services are supported by mobile devices. As an example, the iPhone 6 supports several cellular standards, including 2G, 3G, and LTE, and its operating band covers from 700 to 2600 MHz. For such communication devices, a modern transceiver system capable of covering a wide frequency range is required. The bandpass filter, a key component of RF front-ends, is required to be low loss, widely tunable, low power, small size, fast, and linear [1] , [2] . Since most cellular communication bands fall in the ultrahigh frequency (UHF) range (i.e., from 300 MHz to 3 GHz), there is a great demand for reconfigurable UHF filters.
In the UHF band, planar transmission-line filters [3] - [10] offer the widest tuning range and a moderate unloaded quality factor (Q u ) compared with other alternative implementations, such as lumped LC filters [1] and cavity filters [11] - [13] . For lumped LC and cavity filters, the main tuning elements include RF microelectromechanical systems (MEMS) switches or varactors with limited capacitance ratio (C R ). For a single filter, reducing the length of transmission lines [3] can extend the frequency tuning range to some extent, but it also reduces the Q u of the resonators. A switchable filter tuning from 331 to 542 MHz was proposed in [10] in the form of a self-scalable comb-line structure. The four operating states were realized by using switchable-length resonators with 10 p-i-n switches to obtain the required center frequency and coupling. In [12] , a nonplanar tunable filter with a frequency tuning ratio ( f r ) of 3.55 is demonstrated based on piezoelectrically actuated high-Q cavity resonators with a high capacitance tuning range. In [13] , a cavity tunable filter with a frequency tuning ratio of 2.2 is realized by using evanescent mode resonators with more than 30 surface mounted varactors to obtain a high Q. While nonplanar filters with wide tuning range have been successfully demonstrated, it has been challenging to design a tunable planar filter with a frequency range of more than 3:1, while maintaining a proper filter response across the entire tuning range. To achieve this, there are two main issues: 1) designing a wide tuning range resonator while maintaining the desired coupling coefficient between resonators and 2) port matching across the entire frequency range.
To obtain a wide tuning range, there are three basic design methods. First is the switched filter configuration, which uses RF switches at input/output ports to select different fixed/tunable filter branches. In [5] , each individual filter has a 2:1 tuning range, and three filters are placed in a bank to achieve the reported 6:1 total frequency coverage. Several commercial products are also available using the switched bank filter configuration (e.g., manufacturers Lorch Microwave and AKON). This method alleviates the need for varactors with large capacitance ratios and wideband resonator coupling and port matching circuits. Its drawback is the overall filter size and loss when integrating various individual filters with a single-input multiple-output switch networks. The second method uses a switchless tunable bandpass filter bank [6] , [7] , where the tunable filters with different tuning ranges are switched ON and OFF based on the zero-value coupling characteristics. In [6] , an intrinsically switchable tunable filter bank operating at 740∼1644 MHz is demonstrated, where three different tunable filters are switched ON and OFF. Without requiring additional RF switch networks, the insertion loss is improved at the cost of increased filter size. In the third type, a wide tuning filter is realized by eliminating one tuning band of a dual-band tunable filter. In [8] , a 4-pole filter operating at 700∼1440 MHz is shown by nulling one of the two passbands. The filter size is improved while obtaining a wide tuning range. On the flip side, its tuning mechanism is complicated as it needs additional tunable capacitors to get the required coupling coefficients and Q. Thus, a simple and effective design method for wide tuning range planar filters is an ongoing challenge.
To meet the requirements of having a wide tuning range and compact size, we utilized switchable tunable resonators and switchable feed lines to provide a wide band match and a constant bandwidth [9] . The filter (Fig. 1 ) was designed to be switched in a low-band mode (λ/4) or a high-band mode (λ/2) to achieve a wide tuning range without the need for extra high tuning ratio varactors. A tunable filter was demonstrated with an insertion loss of less than 4 dB and a tuning range of 2.85:1 from 600 to 1711 MHz, covering half of the UHF band [9] . In this paper, the 2-pole filter in [9] is further improved to obtain a wider tuning range (550∼1900 MHz and f r = 3.45) and a more constant 3-dB bandwidth of ∼90 MHz in the entire frequency range. Furthermore, the design idea is extended to a 3-pole filter with 3-dB bandwidth of ∼90 MHz covering 540 to 1800 MHz ( f r = 3.33). These filter topologies can find applications in wideband reconfigurable radio systems, such as dynamic spectral access [14] and spectrum sensing [15] systems.
II. DESIGN THEORY OF TUNABLE BANDPASS FILTERS WITH A CONSTANT ABSOLUTE BANDWIDTH
The proposed 2-pole tunable filter consists of two switchable varactor-tuned resonators [ Fig. 2(b) ]. Compared with the previous design in [9] [ Fig. 2(a) ], the varactors C V2 are moved away from via holes, which makes the improved design less sensitive to the parasitic effect of via hole, resulting in a more constant bandwidth. In the low-band mode, Switch 2 is ON, while Switch 1 is OFF. The equivalent circuit of low-band mode is shown in Fig. 3 (a), and this is similar to the conventional tunable filter with constant absolute bandwidth in [4] . The magnetic coupling from the shorted coupled lines and the electric coupling from the open coupled lines loaded with C V1 are used to achieve the constant bandwidth. The frequency of the λ/4 resonators is tuned by varactors C V1 . In the high-band mode, on the other hand, Switch 2 is OFF, while Switch 1 is ON. The equivalent circuit of high-band mode [ Fig. 3(b) ] consists of two λ/2 resonators. C V1 and C V2 are used to tune the resonance frequency. The ratios of C V1 and C V2 and the transmission line Z 5 are additional design parameters used to realize the desired coupling in the highband mode. External coupling is realized by a switchable feed line and a matching capacitance C m . is first derived as where Y b11 and Y b12 are
A. Switchable Varactor-Tuned Resonator Analysis
For the low-band mode (Switch 2 is ON), Y be and Y bo are
For high-band mode (Switch 2 is OFF), Y be and Y bo are
Furthermore, the Y -matrix of the two-port circuit network including Z 3 and bottom block in Fig. 4 (a) can be derived as where Y t 11 and Y t 12 are
Finally, the Y -matrix of two switchable varactor-tuned resonators [ Fig. 4(a) ] is calculated as
where Y pe and Y po are
B. Coupling Coefficient of the Filter
To design a two-pole filter with two mid-range center frequencies at 0.85 GHz (low-band mode) and 1.45 GHz (highband mode) with a 3-dB absolute bandwidth of 90 MHz, the low-pass Butterworth prototype is first designed with elements g i , i = 0, 1, 2, and 3. To achieve a constant bandwidth, the Y -matrix of the circuit in Fig. 4(a) should satisfy the following resonance and coupling coefficient (k 12 ) conditions across the entire tuning range [16] : For the low-band mode, using this configuration (Z e1 = 87 , Z o1 = 52 , Z e2 = 87 , Z o2 = 50 , Z 3 = 60 , θ 1 = 8°, θ + θ 3 = 25°, θ 2 + θ 6 = 8°, and = 12.86% at 0.7 GHz), the required and calculated coupling co-efficient k 12 and the required capacitance of C V1 to achieve a constant bandwidth of 90 MHz at different resonance frequencies of the coupled resonators are plotted in Fig. 5(a) . Fig. 5(b) shows that the rate of change of k 12 with frequency can be controlled by changing the characteristics impedance of Z e1 and Z o1 . And the value of k 12 can be controlled by changing the characteristics impedance of Z e2 and Z o2 . The coupling co-efficient k 12 in the low-band mode is realized, once the dimensions of the transmission line Z 3 and coupled lines (Z e1 , Z o1 and Z e2 , Z o2 ) are determined.
For the high-band mode, using this configuration (Z 5 = 57 and θ 5 = 3°at 0.7 GHz), the required and calculated k 12 and the required capacitance of C V2 to achieve a constant bandwidth of 90 MHz at different resonance frequencies of the coupled resonators are shown in Fig. 6 . From Fig. 6(a) , when θ 6 decreases (Z 5 and C V2 are moving close to the ground), k 12 decreases. On the other hand, k 12 increases with increasing C V1 . Therefore, one can properly choose the ratio of C V1 and C V2 and the transmission line Z 5 to obtain the required k 12 in high-band mode. In conclusion, to simplify the tuning mechanism, one can tune the resonance frequency only by changing C V2 while keeping the bandwidth constant in the high-band mode. It can be observed that by properly designing the transmission line Z 5 and coupled lines, the obtained k 12 can meet the requirement at most tunable frequency states. If needed, one can tune C V1 to obtain the required k 12 value across the entire tuning range. 
C. External Coupling of the Filter
Once the resonator parameters are fixed (as discussed in Section II-B), the next step is to design the feed coupled-lines and matching capacitance C m to obtain the desired external quality factor (Q ext ) for the filter. Fig. 4(b) shows the approximate model of the resonator with an external coupling circuit. To simplify the analysis, the asymmetrical coupled line is assumed to be homogeneous. [17] and shown in the following set of equations:
While Y L2 , Y L3 , and Y L4 are the input admittances seen from the Ports 2, 3, and 4 of the asymmetrical coupled line. Y L2 can be derived as [labeled in Fig. 4(b) ]
For the low-band mode (Switch 2 is ON), Y L2 is
For the high-band mode (Switch 2 is OFF), Y L2 is
And Y L3 is
Finally, for the low-band mode (Switch 1 is OFF), Y L4 is 
Then, Y in , the input admittance of the circuit including the external coupling element [see Fig. 4(b) ], is To maintain a constant absolute bandwidth, Q ext should satisfy [16] 
mm
One can synthesize the desired Q ext with standard C m values using (16 Fig. 4(b) ], Q ext can be synthesized with different slopes for low-band and high-band modes. For the high-band mode, using this configuration (Y ea = 6.452 * 10 −3 S, Y oa = 1.25 * 10 −2 S, Y eb = 7.042 * 10 −3 S, Y ob = 1.3091 * 10 −2 S, θ = 20°, θ 3 = 5°, and C m = 4.3 pF at 0.7 GHz), the required and calculated Q ext to achieve a constant bandwidth of 90 MHz at different resonance frequencies are plotted in Fig. 7(a) . When analyzing Q ext , to simplify the analysis, the coupling effect of adjacent resonators is ignored. Then, the coupled lines (Z e1 , Z o1 and Z e2 , Z o2 ) become uncoupled lines (Z 1 , Z 2 ) in Fig. 7(a) . Here, to simplify calculation, Z 1 and Z 2 are approximately set as (Z e1 + Z o1 )/2 and (Z e2 + Z o2 )/2, respectively. From Fig. 7(a) , Q ext increases with increasing C V1 at lower frequencies. Therefore, one can properly tune C V1 to obtain the required Q ext at the low frequency in the high-band mode. Once the dimensions of the coupled lines and matching capacitors are determined, the transmission line Z 4 is the additional design freedom to tune the Q ext value in the low-band mode. For the lowband mode, using this configuration (Z 4 = 175 and θ 4 = 8°at 0.7 GHz), the required and calculated Q ext to achieve a constant bandwidth of 90 MHz at different resonance frequencies are plotted in Fig. 7(b) .
III. 2-POLE FILTER DESIGN AND MEASUREMENTS

A. Tunable 2-Pole Filter Design and Its Realization
The 2-pole filter is designed with two frequency range of 0.7-1 GHz (low-band mode) and 1-1.9 GHz (high-band mode) with a 3-dB absolute bandwidth of 90 MHz based on a low-pass Butterworth prototype. To meet required k 12 , the resonator parameters are calculated based on (1) The matching capacitor C m (4.3 pF) and dc blocking capacitors C block1 ∼ C block3 (20, 20 , and 100 pF) are realized by ATC 600S series capacitors. The varactors C V1 and C V2 , and RF switches are implemented by MA46H202 GaAs diodes (C V1 = C V2 = 0.7∼4 pF and R s = 1 in simulation) and Infineon BAR65-02V p-i-n diodes, respectively. The bias circuits for C V1 , C V2 , and RF switches are realized using two 180-k resistors (R bias1 ) and two 5-k resistors (R bias2 ), respectively. Device models for varactors and p-i-n diodes [18] were incorporated in the Agilent Technologies 2011 Advanced Design System [19] tool to simulate the filter response considering all parasitic effects. The tuning control mechanism is as follows. For the low-band mode, first, Switch 1 and Switch 2 are set as OFF and ON, respectively. Then, the continuously tunable capacitor C V1 is tuned, while the varactor C V2 is fixed at a low capacitance state. For the high-band mode, Switch 1 is ON and Switch 2 is tuned OFF. The continuously tunable capacitor C V2 is tuned, while the varactor C V1 is fixed at a low capacitance state. To further tune the center frequency, the varactor C V2 is fixed at a large capacitance state, and the continuously tunable capacitor C V1 is tuned further. The simulated capacitance value and the corresponding filter frequency range at each mode are listed in Table I . Fig. 9 shows an image of a fabricated 2-pole filter. The filter area is 35 × 47 mm 2 .
B. S-Parameter Response
The filter responses at two states of low-and high-band modes are shown in Fig. 10 . As shown, measurements and simulations agree with each other. When the RF switches in resonators are turned ON (with ∼6 mA of forward current) and the reverse bias voltages applied to RF switches on feed lines are 30 V, a lower frequency passband (low band) is achieved [ Fig. 11 (a) and (b) ]. The center frequency is tuned from 550 to 990 MHz for a C V1 , C V2 bias voltage of 2-23 V. The measured insertion loss and 3-dB bandwidth are 3.3-4.4 dB and 92 ± 6 MHz, respectively, while the return loss is better than 15 dB [ Fig. 11(b) ]. In this mode, the additional loss is mainly attributed to the loss of RF switches on the resonators (∼1 ) and can be improved using lower resistance switches.
When the RF switches in resonators are turned OFF (30 V reverse bias voltage) and the bias voltage for RF switches on feed lines is 30 V, the filter response is switched to high band [ Fig. 11(c) and (d) ]. The center frequency is tuned from 0.99 to 1.9 GHz for a C V1 , C V2 bias voltage of 2-23 V. The respective measured loss and 3-dB bandwidth are 3.2-4 dB and 91 ± 2 MHz with a return loss of more than 15 dB [ Fig. 11(d) ]. The measured results are shown in Fig. 12 .
C. Linearity and Power Handling Measurement
The third-order intercept point (IIP 3 ) and the input P 1-dB are measured at different center passband frequencies. The extracted IIP 3 (simulation and measurement) at 1 MHz offset versus different center frequencies is shown in Fig. 13(a) . The IIP 3 ranges from 11.6 to 26 dBm as the center frequency varies from 550 to 1900 MHz. Since the two varactors C V1 and C V2 are both ON in the high-band mode, the IIP 3 is lower than that at the low-band mode. Fig. 13(b) shows the P 1-dB of the tunable filter. The measured input P 1-dB shows that the filter in low-band and high-band modes can handle around 12 and 7 dBm of input power, respectively, before compression occurs. These values are limited by nonlinearities of the RF switches and varactors and can be improved using phase change (GeTe) switches [20] , [21] or RF MEMS capacitors [1] . Fig. 14(a) shows the proposed 3-pole tunable filter with three switchable varactor-tuned resonators. The middle resonator is modified, where the bottom coupling network (transmission lines Z 3 and Z 5 and coupled lines) are split into two identical parts coupled to adjacent resonators. Benefiting from this modification, there are two independent electric and magnetic coupling schemes in this higher order (n = 3) planar filter topology to control the filter bandwidth. Fig.14(b) shows the low-band mode equivalent circuit, where Switch 2 and Switch 1 are ON and OFF, respectively. Fig.14(c) shows the high-band mode equivalent circuit (Switch 2 OFF and Switch 1 ON). The frequency tuning and bandwidth tuning mechanisms are similar to that of 2-pole filter in Section III. When analyzing the resonator coupling k 12 , the two bottom coupling parts (transmission lines Z 3 and Z 5 and coupled lines) in the middle resonator are combined together. Fig. 14(d) shows the approximate coupling circuit model of two switchable varactor-tuned resonators of the 3-pole filter. Thus, approximate analysis of resonator coupling k 12 can be done using the equations for the circuit model of two coupling resonators in Fig. 4(a) . Fig. 14(e) shows the approximate model of the resonator with an external coupling circuit of the 3-pole filter. The equations for the approximate external coupling model in Fig. 4(b) can be used to get the initial design parameters of feed lines regardless of resonator coupling k 12 .
IV. 3-POLE FILTER DESIGN AND MEASUREMENTS
A. Tunable 3-Pole Filter Design and Its Realization
The 3-pole filter is designed with two center frequencies at 0.85 GHz (low-band mode) and 1.4 GHz (high-band mode) with a 3-dB absolute bandwidth of 90 MHz based on a low-pass Butterworth prototype. The filter was fabricated on a Rogers RT/Duroid 5880 with ε r = 2.2 and h = 0.787 mm. The matching capacitor C m (4.3 pF) and dc blocking capacitors C block1 ∼ C block4 (20, 20 , 100, and 30 pF) are realized by ATC 600S series capacitors. The varactors C V1 , C V2 , C V1 , and C V2 and RF switches are MA46H202 GaAs diodes and Infineon BAR65-02V p-i-n diodes, respectively. The bias resistors R bias1 and R bias2 are 180 k and 5 k , respectively. For the 3-pole filter, the tuning control mechanism is as follows. For the low-band mode, first, Switch 1 and Switch 2 are set as OFF and ON, respectively. Then, the continuously tunable capacitors C V1 and C V1 are tuned, while the varactors C V2 and C V2 are fixed at a low capacitance state. For the high-band mode, Switch 1 is ON and Switch 2 is set to the OFF state. Then, the continuously tunable capacitors C V2 and C V2 are tuned, while the varactor C V1 is fixed at a low capacitance state and C V1 is properly tuned to set the frequency and bandwidth as required. To further tune the center frequency, varactors C V2 and C V2 are fixed at a high capacitance state, and again, the continuously tunable capacitors C V1 and C V1 are tuned. The simulated capacitance value and the corresponding filter frequency range at each mode are listed in Table II . Fig. 16 shows an image of a fabricated 3-pole filter. The filter area is 36 × 58 mm 2 .
B. S-Parameter Response
The filter responses at two states of low-and high-band modes are shown in Fig. 17 . Measurements and simulations agree with each other. When the RF switches in resonators are turned ON (with ∼6 mA of forward current) and the reverse bias voltages applied to RF switches on feed lines are 30 V, a lower frequency passband (low-band) is achieved [ Fig. 18(a) and (b) ]. The center frequency is tuned from 540 to 1006 MHz for a C V1 , C V2 bias voltage of 2-23 V. The measured insertion loss and 3-dB bandwidth are 4.2-5.4 dB and 89 ± 4 MHz, respectively, while the return loss is better than 12 dB [ Fig. 18(b) ].
When the RF switches in resonators are turned OFF (30 V reverse bias voltage) and the bias voltage for RF switches on feed lines is 30 V, the filter response is switched to the higher frequency band (high band) [ Fig. 18(c) and (d) ]. The center frequency is tuned from 0.96 to 1.8 GHz for a C V1 , C V2 bias voltage of 2-23 V. The respective measured loss and 3-dB bandwidth are 4-5.4 dB and 91 ± 1 MHz with a return loss of more than 15 dB [ Fig. 18(d) ]. The measured results are shown in Fig. 19 .
It should be noted that there is a transmission zero in the higher stopband region, which is caused by the nonadjacent resonator coupling. To further improve the out-of-band rejection in the lower band, one can introduce an additional nonadjacent resonator coupling [22] or an associated tuning circuit at input/output ports [23] to generate a zero at the lower band. At the low-band and high-band modes, the resonators are working as λ/4 resonators and λ/2 resonators, respectively. Therefore, the measured S-parameter responses show a spurious around 3 f 0 and 2 f 0 , respectively. To further suppress these harmonics, a simple method is to integrate a low-pass filter, such as a defected ground structure [24] , [25] , at input/output feeding lines.
C. Linearity and Power Handling Measurement
The extracted IIP 3 (simulation and measurement) at 1 MHz offset versus different center frequencies is shown Fig. 20(a) . The IIP 3 ranges from 11.7 to 26 dBm as the center frequency varies from 540 to 1800 MHz. Fig. 13(b) shows the P 1-dB of the tunable filter. The measured input P 1-dB in low-band and high-band modes is better than 12 and 7 dBm, respectively.
D. Comparison
Table III compares the performance parameters of the tunable filter in this paper with reported filters in the UHF band. Note that the filter in [6] is made with a higher Q cavity resonator and is not planar. In [8] , each individual filter has 2:1 tuning range and three filters are stacked to achieve the reported 6:1 total frequency coverage. It needs an additional switch network to achieve the 2-port filter bank. As shown, the presented tunable planar filter of this paper offers the widest tuning range, a moderate filter size, and competitive power handling performance.
V. CONCLUSION Two widely tunable 2-pole and 3-pole UHF bandpass filters were introduced. The design takes advantage of switchable varactor-tuned resonators and switchable feeding networks to realize a wide tuning range (550-1900 MHz) and proper matching condition without increasing the filter size. The filters topologies are planar and simple and the needed tuning capacitance ratio is ∼6 to realize the frequency tuning ratio of more than 3:1. In the future, RF MEMS capacitors and phase change switches can be used to further improve the insertion loss, power handling, and linearity.
